The characteristics of molecular electronic devices are critically determined by metal-organic interfaces, which influence the arrangement of the orbital levels that participate in charge transport.
the molecular junction may shift the orbital levels 10 ; upon stretching or compression of the molecular junction, the shifts of the occupied and unoccupied level were found to be nearly uniform for the frontier orbitals 11 . Finally, the interaction of the (almost) neutral molecule with its own image-charge distribution at zero bias may also lead to a uniform level shift.
This effect is present in both physisorbed and chemisorbed systems.
In contrast to the previously mentioned effects, UPS experiments probing the ionization and electron addition energies for decreasing layer thicknesses 12 have shown that the occupied levels move up and the unoccupied ones down in energy, -this is called 'gap renormalization'.
Transport gap renormalization has also been observed in single-molecule devices 13, 14 and is commonly explained by the formation of image charges in the metal upon addition or removal of electrons from the molecule [15] [16] [17] . This effect occurs repeatedly when a current is passing through it and is particularly apparent in molecules that are weakly coupled to the electrodes.
When varying the electrode separation, the molecular orbital levels are therefore subject to a uniform shift, combined with gap renormalization. Hence, distinguishing the dominant trend in single-molecule junctions requires the combination of an adjustable electrode separation with an electrostatic gate. Although mechanical control over molecular conductance has been reported in various studies 7, 10, [18] [19] [20] [21] [22] [23] , in only very few reports it has been combined with an electrostatic gate 18, 19 . In particular, systematic studies based on explicit monitoring 
Curent-voltage characteristics
We have investigated the influence of the metal electrodes on the energy levels in singlemolecule junctions using two-and three-terminal mechanically controllable break junctions (MCBJs) in vacuum at 6 K. This architecture (shown in Fig. 1b ) allows the distance between the electrodes to be tuned with picometer precision by bending the flexible substrate supporting partially suspended electrodes [24] [25] [26] [27] [28] [29] [30] . In three-terminal MCBJ devices an additional gate electrode allows electrostatic tuning of the energy levels of the molecular junction 19 .
The molecules in this study were thiolated porphyrins, which offer great architectural flex- 1a, were dissolved in dichloromethane (DCM, 0.1 mM) and deposited on the unbroken electrodes using self-assembly from solution. The electrodes were then broken in vacuum at room temperature, cooled down and current-voltage I-V characteristics were recorded as a function of electrode spacing. All measurements were performed at 6K. Details concerning these "systematic I-V series" and other experimental procedures (synthesis of the molecules, measurement setup, etc.) are provided in the Supplementary Information.
In Fig. 2a we present typical I-V characteristics of a two-terminal MCBJ (sample A) that has been exposed to a solution of ZnTPPdT. We start monitoring the junction-breaking or fusing process at some electrode separation which we call d 0 . All characteristics show very low current around zero bias, indicating that transport occurs in the weak-coupling (Coulomb-blockade) regime. Steps at higher bias mark the transition to sequential tunneling transport 31 . In the differential conductance, dI/dV, these steps are visible as peaks (see We have studied eight different junctions, which all displayed similar mechanically tunable resonances in dI/dV. Devices exposed to pure solvent, in contrast, showed featureless characteristics, typical of vacuum tunneling through a single barrier (see Fig. 2c, 2d ). As the inter-electrode distance is reduced, the maximum current in these clean junctions increases smoothly, as a result of the decreasing tunneling barrier width.
To visualize the systematic evolution of the resonance position for hundreds of dI/dV curves, we have plotted a two-dimensional map of consecutive I-V measurements in Fig. 2e , where the gradual shift of the resonances becomes even more apparent. Due to the stability of the electrodes and the fine control over their spacing 32, 33 , the energy levels can be shifted over several hundreds of meV by purely mechanical means.
In the following, we will refer to these shifts as mechanical gating and quantify them in terms of an efficiency factor, the mechanical gate coupling (MGC). The MGC is expressed in V/nm and defined as the ratio between the shift of each resonance and the electrode displacement required to achieve this shift. From sudden irreversible jumps in the dI/dV 's. These differences and variations could be caused by atomic-scale changes in the geometry of the molecular junction. Evidence of similar rearrangements has also been obtained during room-temperature conductance measurements on porphyrin molecules 34 . Throughout all the samples, however, the trends remain the same;
reducing the electrode distance brings the resonances closer together, whereas increasing the distance moves them further apart.
Gate diagrams
To obtain additional information about the origin of the shifts of the molecular orbital levels involved in charge transport, we employed electrically gated mechanical break 
DFT calculations
We now turn to the theoretical analysis of the experimentally observed phenomena. Using a quantum chemistry approach 35 we study the electronic structure of the molecules in gas phase and sandwiched between gold atoms in the junctions, as well as their transport properties (see supplementary information for details). In agreement with the literature, our calculations predict a chemisorbed system [36] [37] [38] with ZnTPPdT acting as acceptor, and the hollow site as the most stable configuration. Fig. 5 shows the computed zero-bias transmission of the single-molecule junction. We find that the low-bias transport is dominated by the HOMO and HOMO-2 states of the molecule coupled to gold atoms (illustrated in Fig   5a) , visible as peaks in the transmission near the Fermi level.
We also observe that the resonances which correspond to the gas-phase LUMO and This corrections is, in principle, distance dependent, and leads to a uniform shift of the occupied and unoccupied levels. This is in contrast with the experimentally observed gap renormalization, indicating that, although this effect may, to some extent, be present, it is not the dominant mechanism responsible for the large level shifts.
Image-charge effects, including their contribution to gap renormalization, can, in prin- importantly, do not lead to transport-gap renormalization, but rather cause an uniform, upward shift. In addition, the HOMO is predicted to move up for increasing electrode-spacing, while the experiments show the opposite trend.
We conclude that image-charge effects can largely explain the experimentally observed distance dependence of the position of the molecular orbital levels with respect to the Fermi level of the contacts. Our calculations further reveal that the contributions to the image charge effect of the charge distribution in the reference state contributes substantially (roughly half as much as the gap renormalization) to the MGC of the molecular orbital levels.
The time needed for forming image charges is associated with the plasma frequency of the metallic contacts, corresponding to an energy of a few eV. This is short enough to be relevant even in co-tunneling processes. In recent years, several attempts have been made to capture the image charge-induced gap renormalization using either single point charges 42, 44 or atomic charge distributions 15, 43, 45 , based on DFT results for gas-phase molecules. In the present system, however, it seems that the states used for electron transport are defined by the presence of the contacts. Therefore, taking the atomic charge distributions for the different charge states inside the junctions is the appropriate starting point for calculating image-charge effects.
Conclusion
In summary, we have studied the influence of the electrode separation on the molecular orbital levels in porphyrin single-molecule junctions using electrostatically-gated MCBJ devices. Using this method we demonstrate experimentally a combined effect of mechanical and electrostatic gating of the molecular levels. We find that both occupied and unoccupied levels move significantly towards the Fermi level upon reduction of the electrode spacing.
We attribute this dominantly to gap renormalization as a result of electron interaction with image charges in the metal leads. 
